Hepatosplenic T-cell lymphoma (HSTL) is a malignancy with an unfavorable outcome mainly affecting young adults. To discover genes showing altered DNA-methylation in HSTL we performed array-based DNA methylation profiling of HSTL cells from 11 patients and compared the findings to those obtained from purified nonneoplastic ab-positive and gd-positive T cells. The procedure identified 1,339 hypermethylated and 2,774 hypomethylated CpG-loci in HSTL compared to controls. DNA methylation changes in HSTL were enriched for regulatory elements, like enhancers. Considering the top 100 differentially-methylated CpGs from various subset comparisons, we identified eight consistently hypermethylated genes (BCL11B, CD5, CXCR6, GIMAP7, LTA, SEPT9, UBAC2, UXS1) and four consistently hypomethylated genes (ADARB1, NFIC, NR1H3, ST3GAL3) in HSTL.
Hypermethylation of CpGs around transcription start sites was shown by immunohistochemistry to be associated with lack of protein expression in HSTL, not only of the diagnostic marker CD5 but also of CXCR6, which in contrast was expressed by normal splenic lymphocytes. Thus, our findings provide novel insights into epigenetic changes in HSTL which might become relevant for understanding its pathogenesis or as biomarkers.
HSTL is a rare but highly aggressive lymphoid neoplasm associated with a median overall survival barely exceeding one year 1 and which typically presents with cytopenias. Immunosuppression or prolonged antigenic stimulation is frequent. 1, 2, 3 Characteristic pathological features include intrasinusal/sinusoidal infiltration by neoplastic T cells in the spleen, liver and bone marrow. 4 Although HSTL commonly arises from the gd T-cell subset, cases with a TCR-ab phenotype have been described. 5, 6 Cytogenetically, HSTL is associated with isochromosome 7q and trisomy 8. 7 Recent studies have identified activating STAT5B and STAT3 mutations in gd HSTL as well as inactivating mutations in SETD2. 8, 9 In addition, gene expression profiling has discriminated HSTL from other T-cell lymphomas and discovered candidate pathways involved in its pathogenesis. 10 However, the molecular events driving the pathogenesis of this dis- mal entity are not yet fully understood. To further characterize the molecular basis of HSTL, we analysed the DNA methylome of HSTL by array-based DNA methylation profiling and compared it to that of benign gd and ab T cells. HSTL samples from the spleen, bone marrow or blood of eleven patients were analyzed. Patients were selected by availability of appropriate tumour material and consent. Patient characteristics are summarized in Table 1 . Six tumours were classified as gd HSTL and four as ab HSTL; in one case the subtype could not be unambiguously determined.
We included MACS-sorted CD8, CD4 (TCR ab) and TCR gd T cells from buffy coats of four healthy blood donors (males, mean age 37 yrs) as controls. The study was approved by the institutional review board of the Christian-Albrecht-University (ID: D405/10). Nine cases were obtained from the Tenomic database, which is approved by the ethical committee CPP-Ile-de-France-IX-08-009. The genomic data of these patients (ID 3-11) were available from a previously published exomesequencing study. 8 In two patients (ID 1, 2) SETD2 was analysed by means of a custom Ion AmpliSeq DNA panel (see supplement). For all patients, exons of the genes STAT3 and STAT5B containing hot-spot mutations were amplified from genomic DNA by polymerase chain reaction and Sanger sequenced, in addition to the exome data (Online Supplementary Table S1 , Online Supplementary  Methods) .
For microarray-based DNA methylation profiling, bisulfite conversion was performed using the EZ-DNA Methylation Kit ® (Zymo Research Corporation, Irvine, CA, USA) followed by DNA methylation analysis with the Infinium HumanMethylation450 BeadChip (Illumina, San Diego, CA, USA). The dataset is available from Gene Expression Omnibus (GEO accession: GSE110081).
The analysed CpGs were mapped to the chromatin states determined in CD4 naïve and CD8 naïve cells by the BLUEPRINT/IHEC Project (see Online Supplementary  Methods) . These T-cell populations were selected as they are the T-cell subsets with available chromatin segmentations in BLUEPRINT most closely related the maturation stage of HSTL cells. Immunohistochemistry was performed on deparaffinised tissue sections from five reactive (normal) spleen samples and on ten of the current series of eleven HSTL patients (six on full sections, four on tissue micro-array sections). For details of methods and data analyses see Supplemental Method file.
We analysed the DNA methylation of HSTL tumours from 11 patients (Table 1 ) in comparison to 12 samples of non-neoplastic T-cells i.e., sorted CD4+ab, CD8+ab and gd T-cells from each of four healthy donors. After quality control, all 23 hybridizations and a total of 450,959 CpG loci were included in the analyses. Unsupervised analysis of all cases and controls based on the 5,376 CpG loci with the highest variance (σ/σmax>= 0.5) clearly segregated the dataset into HSTL and benign T-cells ( Figure 1A) . Whereas in this principle component analysis (PCA) component 1 predominantly separated neoplastic from nonneoplastic samples, components 2 and 3 also separated, though to a lower extent, the ab from the gd cells both in the normal and neoplastic compartments. The HSTL patient with undetermined subtype (marked in white) clustered with the ab HSTL. These results suggest that methylation analysis is able to differentiate ab and gd HSTL.
We first aimed at identifying HSTL changes as a whole. A supervised analysis (using the t-test) of the 11 HSTL as compared to the 12 benign T-cell samples revealed 4,113 CpG loci to be significantly differentially methylated at an FDR (false discovery rate) of 1*10 -5 ( Figure 1B Supplementary Table S2 ). Of these 4,113 differentially methylated CpG loci, 1,339 were hypermethylated and 2,774 hypomethylated in HSTL as compared to controls. CpH loci were not differentially methylated in any of the analyses. Gene ontology (GO) analysis of the genes linked to the between HSTL and the benign T cells differentially methylated CpG loci revealed enrichment for terms like "anatomical structure morphogenesis", "positive regulation of biological process", "system development regulation of multicellular organismal process", "positive regulation of transcription from RNA polymerase II promoter" (Online Supplementary Table S3 ). These terms are known to be enriched also in comparisons between other neoplasms and controls. 11, 12 To characterize which genomic regulatory elements show HSTL specific changes in methylation, we compared the differentially methylated loci between HSTL and the benign Tcells with the chromatin segmentation data of CD4 and CD8 + T cells (see Online Supplementary Material for details), CpGs hypermethylated in HSTL as compared to the non-neoplastic controls showed a highly significant enrichment at repressed promoters (Rpro) in CD4 (P= 1.55*10 -54 ) and CD8 (P= 4*10 -52 ) cells (Online Supplementary Figure S1) . These hypermethylated differentially methylated regions (DMRs) enriched in Rpro colocalize with 49 known genes including HOXA6, HOXD3, HOXD4, HOXD9, MSX1, PITX1, SOX11 and FOXD3 (Online Supplementary Table S4 ). There was no significant enrichment of STAT5 binding sites in the DMRs in HSTL (see Online Supplemental Methods file). Moreover, hyper-and hypomethylated DMRs in the tumor samples are also enriched in regulatory elements (RegE), i.e., enhancers (Online Supplementary Figure S1 ). In addition, hypomethylated regions were enriched for transcribed regions (TranR).
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Since PCA revealed DNA methylation differences in samples with distinct TCR subtypes (i.e., ab and gd), we further performed supervised analyses according to the TCR receptor status. Supervised analysis of the 4 ab HSTL compared to 8 benign ab T cells revealed 2,165 significantly differentially methylated CpGs at an FDR of 1*10 -5 , whereas supervised analysis of the 6 gd HSTL compared to 4 benign gd T cells revealed 5,896 CpG loci differentially methylated at an FDR of 0.05 (Online Supplementary Figures S2A and S2B , Online Supplementary  Tables S5 to S8 ).
In order to identify those genes which are consistently associated with the pathogenesis of HSTL independently of the TCR phenotype we overlapped the top 100 genes most significantly differentially hypermethylated (ab subtype: represented by 149 CpGs, 31 of the 100 genes with more than one affected CpG, gd subtype: represent- A B C D ed by 170 CpGs, 30 of the 100 genes with more than one affected CpG) and the 100 most significantly differentially hypomethylated genes (ab subtype: represented by 115 CpGs, 12 of the 100 genes with more than one CpG, gd subtype: represented by 134 CpGs, 19 of the 100 genes with more than one CpG) between HSTL and benign T-cells in both ab and gd subtypes.
The 12 genes overlapping in these top 100 lists of both subtypes showed between 2 and 18 affected CpGs highly significant differentially methylated (q values between 4.6*10 -14 and 1.1*10 -6 ). The difference in methylation calculated as the difference between the average mean of the beta values ranged from 0.38 to 0.77. Of these genes, eight genes were hypermethylated (BCL11B, CD5, CXCR6, GIMAP7, LTA, SEPT9, UBAC2, UXS1) and four genes hypomethylated (ADARB1, NFIC, NR1H3, ST3GAL3) in the lymphomas (Online Supplementary Table  S9 ).
Moreover, the hypermethylated genes LTA, CD5, CXCR6, GIMAP7, BCL11B and SEPT9 are in part known to be relevant in T-cell leukaemia/lymphoma pathobiology (Online Supplementary Table S10 ). These genes are all hypermethylated at active promoter (Apro) or RegE sites mainly around the transcription start sites (TSS) in HSTL ( Table 2 ). Hypermethylation of CpGs in HSTL around TSS was further shown to be associated with lack of protein expression in HSTL by immunohistochemistry for CD5 and CXCR6.
Among these hypermethylated genes we confirmed by immunohistochemistry the characteristic lack of CD5 expression in neoplastic HSTL cells and showed that HSTL neoplastic cells also do not significantly express CXCR6 in all 10 tested HSTL cases in contrast to normal splenic cells ( Figure 2) .
The lack of CD5 expression is not exclusive to HSTL and is frequently found in other T-cell lymphoma entities. 13 Future studies on other T-cell lymphoma entities might shed further light into whether the expression of CD5 in the various T-cell lymphomas is regulated by lymphoma-type associated epigenetic modifications.
The findings of this study provide novel insights into epigenetic changes in HSTL which might become relevant for its pathogenesis or as biomarkers.
